Chemokines constitute a family of chemoattractant cytokines and are subdivided into four families on the basis of the number and spacing of the conserved cysteine residues in the N-terminus of the protein. Chemokines play a major role in selectively recruiting monocytes, neutrophils, and lymphocytes, as well as in inducing chemotaxis through the activation of G-protein-coupled receptors. Monocyte chemoattractant protein-1 (MCP-1/CCL2) is one of the key chemokines that regulate migration and infi ltration of monocytes/macrophages. Both CCL2 and its receptor CCR2 have been demonstrated to be induced and involved in various diseases. Migration of monocytes from the blood stream across the vascular endothelium is required for routine immunological surveillance of tissues, as well as in response to infl ammation. This review will discuss these biological processes and the structure and function of CCL2.
Introduction
C hemokines (CHEMOtactic cytoKINES) are small heparin-binding proteins that constitute a large family of peptides (60-100 amino acids) structurally related to cytokines, whose main function is to regulate cell traffi cking. Chemokines were fi rst identifi ed in 1977 with the purifi cation of the secreted platelet factor 4 (PF4/CXCL4) (Wu and others 1977) . Since then, studies have identifi ed more than 50 human chemokines and 20 chemokine receptors (Ruffi ni and others 2007) . Chemokines can be classifi ed into four subfamilies on the basis of the number and location of the cysteine residues at the N-terminus of the molecule and are named CXC, CC, CX 3 C, and C, in agreement with the systematic nomenclature (Rollins 1997) (Table 1 ). The genes for CXC chemokines are tightly and clustered mainly on chromosome 4, whereas the members of CC chemokines are encoded by genes that are located mainly on chromosome 17 (Table 1) (Naruse and other 1996) . Chemokines are secreted in response to signals such as proinfl ammatory cytokines where they play an important role in selectively recruiting monocytes, neutrophils, and lymphocytes. Once induced, the directed migration of cells expressing the appropriate chemokine receptors occurs along a chemical ligand gradient known as the chemokine gradient. This allows cells to move toward high local concentrations of chemokines (Callewaere and others 2007) . The structure of chemokines comprises three distinct domains: (1) a highly fl exible N-terminal domain, which is constrained by disulfi de bonding between the N-terminal cysteine(s); (2) a long loop that leads into three antiparallel β-pleated sheets; and (3) an α-helix that overlies the sheets (Baggiolini and Loetscher 2002) (Fig. 1) . Structurefunction studies have revealed that the N-terminal region is important for receptor binding and activation (Clark-Lewis and others 1991) . Interestingly, all chemokine structures described to date more or less conform to this three-dimensional pattern, even though they may bear little homology at the primary amino acid level (Clore and Gronenborn 1995) . The majority of the chemokine ligands have a molecular mass between 8 kDa and 12 kDa and contain 1-3 disulfi de bonds. Their sequence homology is highly variable, ranging from <20% to >90%. Several chemokines function by forming dimers in solution or upon their interaction with (Bacon and others 2002) . Functions are as follows: I, infl ammatory; H, homeostatic; D, dual (homeostatic and infl ammatory); U, unknown as described previously (Zlotnik and others 2006) . Abbreviations: Chr, chromosome location; Funct, functions.
acts preferentially on naive T-cells (Adams and others 1994) . Note that of these three chemokines, only RANTES causes chemotaxis and activation of eosinophils (Ebisawa and others 1994) .
Chemokines are also grouped into two main functional subfamilies: infl ammatory and homeostatic chemokines. Infl ammatory chemokines control the recruitment of leukocytes in infl ammation and tissue injury, whereas homeostatic chemokines fulfi ll housekeeping functions such as navigating leukocytes to and within secondary lymphoid organs as well as in the bone marrow and the thymus during hematopoiesis (Wagner and others 2007) . In addition to this major biological function, accumulating evidence suggests critical roles of chemokines in development, hematopoiesis, lymphocyte traffi cking and homing, angiogenesis, and malignancy (Xia and Frangogiannis 2007) .
Finally, in addition to their roles in the immune system, chemokines and chemokine receptors are also involved in the pathology of a number of diseases (e.g., HIV-1/AIDS), autoimmune disorders (e.g., psoriasis, rheumatoid arthritis, and multiple sclerosis), pulmonary diseases (asthma and chronic obstructive pulmonary disease), transplant rejection, cancer, and vascular disease.
MCP-1/CCL2
The monocyte chemoattractant protein-1 (MCP-1/CCL2) is a member of the C-C chemokine family, and a potent chemotactic factor for monocytes. MCP-1 is believed to be identical to JE, a gene whose expression is induced in mouse fi broblasts by platelet-derived growth factor (Cochran and others 1983) . However, the human homolog that has been best characterized as CCL2 was fi rst purifi ed from human cell lines on the basis of its monocyte chemoattractant properties.
CCL2 is the fi rst discovered human CC chemokine. Located on chromosome 17 (chr.17, q11.2), human MCP-1 is composed of 76 amino acids and is 13 kDa in size (Van Coillie and others 1999) . MCP belongs to a family composed of at least four members (MCP-1, -2, -3, and -4). The domain structure of human MCPs is shown in Figure 2 . The sequence homology between CCL2 and other family members is high and varies between 61% for CCL8 and CCL4, and 71% for CCL7 (Van Coillie and others 1999) . The primary protein structures of human CCL2, CCL7, and CCL8 were initially determined using purifi ed natural material, whereas human CCL13 protein sequence was deduced from isolated cDNAs. In addition to these proteins, different molecular mass forms of CCL2 have been purifi ed, but these seem to be caused by O-glycosylation. Glycosylation of CCL2 has been shown to slightly reduce its chemotactic potency. Note that in this review, we will discuss the role of unglycosylated CCL2.
GAG (e.g., CC or CXC chemokines) (Crown and others 2006) . This dimerization is facilitated through the involvement of the antiparallel β-sheet with the cysteine residues near the N-terminal domain (CC chemokine) or the two α-helices (CXC chemokine).
Chemokines induce chemotaxis through the activation of G-protein-coupled receptors (GPCRs), which also involves adhesion molecules and glycosaminoglycans (GAGs) (Hyduk and others 2007) . Chemokines bind to specifi c cell surface transmembrane receptors coupled with heterotrimeric G proteins, whose activation leads to the activation of intracellular signaling cascades that prompt migration toward the chemokine source. Proteins within each family but not between families can competitively bind to the same receptor on target cells (Leonard and Yoshimura 1990) . Although proteins within each subset share structural similarity, they have chemotactic potential for additional diverse types. For example, CCL2, RANTES, and MIP-1β are chemotactic for monocytes but function through two separate receptors (Sozzani and others 1993) . In addition, both CCL2 and RANTES target memory T-cells (Carr and others 1994; Maghazachi and others 1994) , whereas MIP-1β Schematic representation of the three-dimensional structure of chemokines. Three-dimensional representation of a chemokine, where α and β sheet, as well as the cysteine residues and the 30s and 40s loops, are shown. Note that all chemokines share a typical Greek key structure that is stabilized by disulfi de bonds between conserved cysteine residues. The term Greek key refers to a kind of secondary structure or motif of a protein sequence. 
FIG. 2.
Amino-acid sequence alignment of human MCPs. Conserved cysteine residues are indicated by alignment and spacing. Consensus sequence residues are in dark grey, whereas conserved and mutated CCL2 residues are shown in black and light grey, respectively. four regions of β-sheet. These include residues 9-11 (β 0 ), 27-31 (β 1 ), 40-45 (β 2 ), and 51-54 (β 3 ). In addition to the four strands of sheet, there are two helical regions. A long helix extends from approximately residue 58 to residue 69 (Fig. 3) . Moreover, it was also found that residues 6-16 are involved in the dimerization interface of CCL2 (Zhang and Rollins 1995) . The residues involved in the interface include Asn6, Ala7, Val9, Cys11, Tyr13, Asn 14, Phe15, and Thr16 near the N-terminus, and Glu 50, Ile51, and Cys 52. The overall secondary and quaternary structures of CCL2 monomers and dimers resemble RANTES and MIP-1β (Meunier and others 1997) . The protein complex appears elongated with the two monomers oriented to give a fairly large pocket. Structures of monomeric and dimeric CCL2 in two crystal forms namely I and P forms, respectively, have also been determined (Lubkowski and others 1997) . Recently, structures of CCL2 in complex using blocking antibody were also determined (Reid and others 2006) . Note that it is possible to attenuate the function of CCL2 by allowing it to form a dimer with a nonfunctional mutated form of CCL2. For example, it has been reported that an N-terminal deletion mutant of CCL2 (7ND), which lacks the N-terminal amino acids 2-8, acts as a dominant-negative inhibitor of CCL2 and blocks the CCL2/ CCR2 signal pathway in vivo (Kitamoto and others 2003) . Further, it has been reported that this CCL2 mutant (7ND) and wild-type CCL2 form a heterodimer, which binds to the CCL2 receptor (CCR2) and completely inhibits CCL2-mediated monocyte chemotaxis in vitro (Zhang and Rollins 1995) . Transgenic mice expressing the 7ND gene were found to block CcL2 pathway and, thus, prevent the formation of atherosclerotic lesions without having any effect on serum lipid concentrations (Ni and others 2001) . Finally, as shown in Table 2 , several cellular events lead to the induction or suppression of CCL2 expression.
MCP receptors
Many of the CC chemokine receptors (CCRs) have been cloned based on well-conserved motifs of the earlier identifi ed IL-8 receptors. Many of the genes encoding these CCR proteins of about 360 amino acids are closely linked on chromosome 3p21-22 (Wells and others 1996) . All chemokine receptors identifi ed are GPCRs, belonging to the rhodopsin or serpentine receptor family. Generally, these receptors are composed of a short extracellular N-terminus, seven hydrophobic transmembrane domains each connected by three extracellular and three intracellular loops, and a C-terminal intracellular region. Most of the CCRs that bind one or more MCPs are shared by other CC chemokines (as shown in Table 1 ). As MCPs have a broad cell spectrum, their receptors are expressed on various leukocyte types. In addition, all human MCPs are known to bind to at least two receptors CCL2 is produced by a variety of cell types, either constitutively or after induction by oxidative stress, cytokines, or growth factors. Mutational analysis of CCL2 has resulted in the identifi cation of two regions of the primary structure that are critical for biological activity (Beall and others 1996) . The fi rst region consists of the sequence from Thr-10 to Tyr-13, whereas the second region that appears to also be functionally important consists of residues 34 and 35. Mutation of either residue 10 or 13 causes a decrease in CCL2 activity (Ebisawa and others 1994) . The importance of the second region was indicated by results with two mutations, one introducing a proline between Ser-34 and Lys-35, and the other a replacement of those two residues with the sequence Gly-Pro-His. Either of these mutations severely decreased CCL2 activity. In addition to these two regions, it has also been reported that cell-type specifi city of CCL2 is affected by mutation of residues 28 and 30, but not of residue 30 alone (Beall and others 1996) . Further, deletion of residues at the N-terminal domain results in loss of CCL2 activity (Gong and Clark-Lewis 1995) despite the fact that some of these N-terminus deletion mutants act as CCL2 antagonists (Gong and others 1997) .
CCL2 is produced by many cell types, including endothelial, fi broblasts, epithelial, smooth muscle, mesangial, astrocytic, monocytic, and microglial cells (Cushing and others 1990; Standiford and others 1991; Brown and others 1992; Barna and others 1994) . These cells are important for antiviral immune responses in the peripheral circulation and in tissues. However, monocyte/macrophages are found to be the major source of CCL2 (Yoshimura and others 1989a,b) . CCL2 regulates the migration and infi ltration of monocytes, memory T lymphocytes, and natural killer (NK) cells. Note that CCL2 is among the most studied member of the chemokine family, and has been shown to be a potential intervention point for the treatment of various diseases, including multiple sclerosis (Sorensen and others 2004) , rheumatoid arthritis (Hayashida and others 2001) , atherosclerosis (Kusano and others 2004) , and insulin-resistant diabetes (Sartipy and others 2003) . All the functions of CCL2 were fi rst identifi ed on the basis of an in vitro assay using purifi ed protein, which were reproduced and confi rmed later in vivo (Fuentes and others 1995; Gunn and others 1997) . Further, the CCL2 pathway has been validated using animal models, in which CcL2 and its receptor CCR2 were knocked out (Kurihara and others 1997) . It should be, however, noted that knockout mice for CcL2 and its receptor CCR2 are viable. However, abnormalities in monocyte recruitment and cytokine expression in CcL2 -/-mice were observed (Lu and others 1998). Using asymmetrically labeled CCL2 in NMR experiments, the solution structure of CCL2 dimer has been determined (Handel and others 1996) . These studies indicated that the secondary structure of CCL2 consists of 
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challenging. However, it seems that many regulatory mechanisms may come into picture to eliminate redundancy and give each chemokine a unique and specifi c function (Mantovani 1999 ). (Table 1 ). Also, it should be noted that many receptors such as CCR2 respond to several different ligands. Therefore, understanding implications of these interactions (chemokines-receptors) for their in vivo functions are becoming more Further, they found that CCL2 was the main chemokine responsible for recruiting monocytes. In these studies, the authors showed that only a fraction (~2%) of the circulating monocyte pool is recruited to the lymph nodes (Palframan and others 2001) . It is not clear whether these cells are representative of the majority of circulating monocytes, or they represent an important subset destined to reach draining lymph nodes. In addition to CCL2, several other chemokines were also shown to be involved in the recruitment of monocytes. In this regard, it has been demonstrated that the stimulation of RANTES leads to recruitment of monocytes/macrophages (Brown and other 1996; Haberstroh and others 1998) .
Genetic variations of CCL2 and diseases
Genetic variations of CCL2 have been reported to infl uence the serum levels of CCL2 and the incidence of myocardial infarction (Tucci and others 2004) . Two SNPs of CCL2, namely, G-927C and A-2578G, were found to be associated with carotid intima-media thickness, which refl ects generalized atherosclerosis and is predictive of future vascular events (Brenner and others 2006) . Further studies examined the distribution of SNPs in the CCL2 gene in tuberculosis (Flores-Villanueva and others 2005). The authors found that the probability of developing tuberculosis was 2.3-and 5.4-fold higher in carriers of CCL2 genotypes AG and GG, respectively, than in homozygous AA. These fi ndings suggest that persons bearing the CCL2 genotype GG produce higher concentrations of CCL2, which inhibits the production of IL-12 p40 in response to Mycobacterium tuberculosis and increases the likelihood that M. tuberculosis infection will progress to active pulmonary tuberculosis. In addition, the infl uence of genetic variation in CCL2 on HIV-1 pathogenesis has been examined using large cohorts of HIV-1-infected adults and children. Results showed that in adults, homozygosity for the CCL2 -2578G (alternatively designated -2518) allele was associated with a 50% reduction in the risk of acquiring HIV-1. However, once HIV-1 infection was established, this same CCL2 genotype was associated with accelerated disease progression and a 4.5-fold increased risk of HIV-associated dementia (HAD) (Gonzalez and others 2002) . Finally, HIV-patients with a mutated CCL2 allele have an undetectable viral load after treatment with protease inhibitor-based antiretroviral therapy (Coll and others 2006) .
CCL2 and immune response
Apart from recruiting and directing leukocyte movement, several lines of evidence indicate that CCL2 might infl uence T-cell immunity. First, CCL2 expression is associated with the development of polarized Th 2 responses (Chensue and others 1995; Handel and others 1996) and CCL2 enhances the secretion of IL-4 by T cells (Karpus and others 1997) . Second, in Th 2 immune-mediated diseases, such as asthma, CCL2 is expressed at high levels and its neutralization in animal models ameliorates disease (Gonzalo and others 1998) . Finally, other chemokines and their receptors are linked to specifi c responses of T-helper cells (Sallusto and others 1998) . In contrast to other chemokines of the C-C family, which trigger the Th 1 phenotype upon their interaction with CCR5 on T-helper cells (Van Coillie and others CCL2 mediates its effects through its receptor CCR2, and, unlike CCL2, CCR2 expression is relatively restricted to certain types of cells. There are two alternatively spliced forms of CCR2, namely, CCR2A and CCR2B, which differ only in their C-terminal tails (Charo and others 1994) . CCR2A is the major isoform expressed by mononuclear cells and vascular smooth muscle cells (Bartoli and others 2001) , whereas monocytes and activated NK cells express predominantly the CCR2B isoform. It is possible that CCR2A and CCR2B may activate different signaling pathway and exert different actions. For example, CCL2 chemotaxis of CCR2A-positive cells occurs without Ca 2+ mobilization, but Ca 2+ fl ux is induced in the CCR2B-positive cells (Sanders and others 2000; Cho and others 2007) . It has been reported that CCL2 is capable of increasing the expression of CCR2A but not CCR2B in synoviocytes obtained from patients with rheumatoid arthritis (Cho and others 2007) . It is important to note that CCR2 has dual roles and has both proinfl ammatory and anti-infl ammatory actions. The proinfl ammatory role of CCR2 is dependent on APCs and T cells, whereas the anti-infl ammatory role of CCR2 is dependent on CCR2 expression in regulatory T cells. Further, as many as seven single nucleotide polymorphisms (SNPs) have been reported for CCR2. However, there is little evidence to suggest that any particular one of them affects clinical disease outcome in patients with acute idiopathic anterior uveitis (Yeo and others 2006) . CCR2-defi cient mice are resistant to the induction of sensory neuropathies (Thacker and others 2007) . In addition, CCR2-null mice immunized with type II bovine collagen were found to be more susceptible to collageninduced arthritis than the wild-type mice (Quinones and others 2004) .
Mechanisms and pathways for monocyte recruitment
In a study performed by the Van Furth group, it was demonstrated that the half-life of circulating monocytes in humans is about three times longer than in mice, which is estimated to be around 340 million monocytes leaving the circulation daily (van Furth and Diesselhoff-den Dulk 1980). Further, in mice, under steady-state conditions, about half of the circulating monocytes are cleared from the blood stream daily (van Furth and Cohn 1968; van Furth and others 1973) . A considerable fraction of circulating monocytes enters the tissues of the body, differentiating into macrophages. In contrast, immature dendritic cells within the tissue are able to leave via afferent lymphatic vessels to the draining lymph nodes, where they mature, present antigens to T cells, and die within a few days of arrival. Thus, a large fraction of monocytes can potentially be cleared as a by-product of immune surveillance.
CCL2 has been demonstrated to recruit monocytes into foci of active infl ammation (Ajuebor and others 1998). However, it remains unclear whether monocytes use the same molecular signals to migrate into tissues as part of the constitutive or steady-state effl ux from blood. In this regard, evidence has been provided describing the involvement of prostaglandin E2 in the attraction of monocytes to the site of infl ammation and their maturity into macrophages (Kurth and others 2001) . CCL2 secreted in or injected into skin arrives in the draining lymph nodes where it can be presented on the surface of high endothelial venules (HEVs) for recruitment of lymphocytes (Palframan and others 2001) . the presence of CCL2. A higher level of CCL2 augments the Th 2 response (Karpus and others 1997) . These fi ndings provide an important clue as to why there is a switch from Th 1 to Th 2 cytokine response in HIV-1 disease. The reciprocal inhibition between Th 1 and Th 2 cytokines, such as IL-4, is a major factor that governs Th 2 differentiation and inhibits the development of IFN-γ-secreting cells (Brown and Hural 1997) . This may be important for the effective regulation of the immune response to viruses. Moreover, Th 1 and Th 2 cells, because of their different chemokine receptor expression pattern induced at least in part by CCL2, are likely to have different susceptibility to HIV strains that use different fusion coreceptors.
Role of CCL2 in disease
Both CCL2 and its receptor CCR2 are induced and involved in various diseases (Table 3 ). This involvement has mainly been demonstrated using genetically defi cient mice, antibody-or inhibitor-mediated neutralization in mice, as 1999), CCL2 acts as a potent factor in the polarization of Th 0 cells toward a Th 2 phenotype (Gu and others 2000) . The T-lymphocyte differentiation process is initiated by the ligation of the T-cell receptor (TCR). Cytokines present during the initiation of a T-cell response determine the development of the particular T-helper subset (Rogge and others 1997) . Polarization of the T-cell subsets occurs in the secondary lymphoid organs to which Th 0 cells preferentially migrate. Memory lymphocytes and effector precursor cells, in contrast, migrate to peripheral tissues (Picker and Butcher 1992) . It is likely that, given their different effectors function, Th 1 and Th 2 cells are differentially recruited to peripheral sites of infection (Lichtman and Abbas 1997) . For example, it has been shown that Th 1 cells, but not Th 2 cells, express a functional ligand for P-and E-selectin and therefore are selectively recruited to sites where Th 1 immune responses occur (Austrup and others 1997) . There may be a direct role for CCL2 in the development of Th 2 cells. It appears that CCL2 can directly activate the IL-4 promoter, as IL-4 production is increased in cells that are given a primary TCR stimulus in -3,4-dichloro-N-methyl-N[2-(1-pyrolidinyl) cyclohexyl] benzeneacetamide methanesulfonate (U50,488) inhibited Tat-induced CCL2 production in a concentrationdependent manner (Sheng and others 2003) . However, in another study with neurons, CCL2 was demonstrated to play a protective role against the toxic effects of glutamate and Tat (Eugenin and others 2003) .
Role in cardiovascular disease
Several studies have linked CCL2 to cardiovascular disease. Using CCL2-or CCR2-defi cient mice to examine atherosclerosis, it was demonstrated that, in the absence of CCL2 or its receptor, CCR2, there was a substantial reduction in arterial lipid deposition (Boring and others 1998) . Further, amelioration from the disease was associated with diminished numbers of macrophages in the arterial wall consistent with a model in which CCL2 contributes to atherosclerosis by attracting monocytes into the subendothelium via CCR2 activation (Dawson and others 1999) . Increased plasma levels of CCL2 following balloon angioplasty of coronary arteries predicts early restenosis, which may represent an accelerated form of atherosclerosis (Cipollone and others 2001) . Finally, at a population level, a polymorphism in the CCL2 promoter has been demonstrated to be associated with an increased risk of an individual to suffer from coronary artery disease (Szalai and others 2001) .
Role in cancer
Chemokines and their receptors have been detected in most tumors (Conti and Rollins 2004) . However, to date no susceptibility gene in any cancer has been mapped on to a chemokine or chemokine receptor. Chemokines are involved in a broad array of normal host activities that impact cancer; therefore, it is possible that they will be found to have important effects on cancer pathogenesis. For this reason, chemokines might be expected to have either growth-promoting or growth-inhibiting infl uences on cancer cells depending on the particular setting in which they are expressed. Further, because of their ability to attract and activate lymphocytes, some chemokines might be expected to stimulate host antitumor responses. On the other hand, some of the chemokines are known to possess angiogenic activities, which could potentially contribute to tumor growth and progression. Some of the tumor-associated molecular alterations that increase macrophage infi ltration and macrophage-mediated angiogenesis include increased expression of CCL2 and VEGF, both of which are highly expressed in breast cancer cells (Ohta and others 2003) . CCL2 expression in tumor cells is signifi cantly correlated with the extent of tumor-associated-macrophage (TAM) infi ltration (Sato and others 1995) , and in particular both CCL2 and VEGF expressions have been positively correlated with TAM infi ltration, angiogenesis, and poor survival in breast cancer (Valkovic and others 2002) .
Monocytes are critical for the initiation of tumor arteriogenesis because they adhere to and invade endothelium activated by the increased shear stress that results from large well as epidemiological studies in humans. In this section, we will briefl y discuss the role of CCL2 in different diseases mainly focusing on AIDS.
Role in HIV-1 pathogenesis
Owing to higher CCR2 expression, memory CD4 + T cells and monocytes are the main cells to be recruited by CCL2, which helps making them primary targets for HIV-1 infection (Matsushima and others 1989) . Because monocytes/macrophages are found to be the major source of CCL2 in vitro and in vivo, this may explain why HIV-1-infected migrating monocytes are considered to be a potent contributor to spread the disease (Cinque and others 1998) . Altered CCL2 expression may also contribute to HAD. Accordingly, CCL2 was markedly elevated in the cerebrospinal fl uid (CSF) of HIVinfected patients with cytomegalovirus (CMV) encephalitis (Bernasconi and others 1996) . High levels of CCL2 may underlie monocyte recruitment and tissue damage in CMV encephalitis, and may represent a rapid and useful tool in the diagnostic armamentarium for neurological disorders associated with HIV infection (Sozzani and others 1997) . Note that the plasma levels of CCL2 correlates with virus load in HIV-1 infection (Weiss and others 1997; Chang and others 2004) . HIV encephalitis was strongly associated with high CSF CCL2 levels, which also correlated with high HIV-1 RNA levels in the CSF, but not to plasma viremia (Ragin and others 2006) . These fi ndings support a model whereby HIV encephalitis is sustained by virus replication in monocytic cells, a process amplifi ed by the recruitment of mononuclear cells via HIV-induced CCL2 (Cinque and others 1998) . Further, SIV-infected macaques that developed moderateto-severe encephalitis had signifi cantly higher MCP-1 levels in CSF than in plasma as early as 28 days after inoculation, which suggests that the CSF:plasma MCP-1 ratio may be a valuable prognostic marker for the development of HIVinduced central nervous system (CNS) disease (Zink and others 2001) . Furthermore, CCL2 levels have been shown to diminish in HIV-1 patients after indinavir (a viral protease inhibitor) treatment (Bisset and others 1997) . Interestingly, CCL2 could be a potent suppressor of HIV-1 when HIV-1-infected peripheral blood lymphocytes are used as target cells (Frade and others 1997) . In this regard, it has been shown that CCL2 may inhibit HIV-1 infection by blocking viral attachment to CCR2 and CCR5 coreceptors (Homan and others 2002) . The mechanisms of induction of CCL2 in the brains of HIV-infected patients are not well characterized. However, it has been shown that the HIV-1 transactivator protein Tat signifi cantly increases the expression and release of CCL2 by astrocytes (Conant and others 1998) . Tat-induced CCL2 expression is mediated at the transcriptional level through a minimal promoter DNA region containing 213 nucleotides upstream of the translational start site (Lim and others 2000) . Site-directed mutagenesis studies indicate that Sp1, AP1, and NF-κB binding sites are critical for both constitutive and Tatenhanced expression of the CCL2 promoter. Further studies demonstrated that Tat might cooperate with Smad3 and C/ EBPβ factors to induce CCL2 gene expression others 2003, 2005) . In this regard, it is also important to note that the C-terminal domain of Smad3 (MH2) downregulates CCL2 production (Eldeen and others 2006) . In addition, CCL2 was released from human lung microvascular endothelial cells (HMVEC-Ls) in a dose-and time-dependent manner or its receptor is dependent on previous events. For this reason, future research should be directed toward identifying key early events that would be responsible for initiating the vicious cycle. Successful intervention of these early events would be very benefi cial in avoiding downstream consequences that ultimately lead to symptomatic disease/ disorder.
CCL2 remains one of the most studied of the chemokines. Valuable information regarding its pathway has come from structure-functional as well as transgenic mouse model. Although it has been associated with many pathological conditions such as cardiovascular disease, multiple sclerosis, rheumatoid arthritis, and so on, it plays an important role in routine immune surveillance and immune modulation, and in clearing acute viral infections. Any attempts to reduce CCL2 production or reduce CCR2 expression to achieve benefi cial effects in some of the above-mentioned pathological conditions should be carefully weighed because of its role in the maintenance of health. Recruitment of monocytes/macrophages in a particular organ in response to infl ammation is a vital response to eliminate invading pathogens through phagocytosis. Recently, recruitment of a large number of microglia from within the brain and monocytes from blood involved in clearing deposits of β-amyloid, a neurotoxic peptide that accumulates in the brain of individuals with Alzheimer's disease, has been demonstrated (Britschgi and others 2007; El Khoury and others 2007) . In addition to clearing β-amyloid, microglia and blood-derived macrophages may enable neurons or astrocytes to limit β-amyloid accumulation and provide trophic support to neurons (White and others 2005) . In this regard, it should be noted that there is no direct evidence linking DNA polymorphisms at the gene encoding CCL2 (-2518 A/G) and CCR2 (V64I) with the risk and/or the clinical outcome of Alzheimer's disease (Huerta and others 2004) . However, a strong link was found between CCL2 polymorphism and other autoimmune diseases in specifi c populations. CCL2 (-2518 A/G) SNP was shown to be associated with the chronic stable angina pectoris within the Slovak population (Bucova and others 2008) . Furthermore, a signifi cant but not independent association was demonstrated between the (-2518G/A) polymorphism of the CCL2 gene and myocardial infarction in the Tunisian population (Jemaa and others 2008) . This SNP was also observed in Czech patients with pulmonary sarcoidosis, which may be associated with Löfgren's syndrome (Navratilova and others 2007) . Finally, CCL2 polymorphisms were described as associated with systemic lupus erythematosus in Mexican patients (Lima and others 2007) .
Discovery of drugs, which block several upregulated chemokine receptors, may prove to be very effective if they are upstream of CCR2 expression. Proinfl ammatory cytokines, such as TNF-α, IL-1β, IL-6, and/or BDNF, could play a signifi cant role in initiating the cascade. TNF-α, in particular, has been shown to upregulate CCL2 expression in sensory neurons (Milligan and others 2003; Twining and others 2004; Jung and others 2008) . Blocking the actions of these proinfl ammatory cytokines on a chronic basis without causing major side effects would be a formidable challenge in future. If these drugs are to be targeted to the CNS, permeability issues also need to be taken into account. It is not clear whether a CCR2 receptor antagonist shown to be effective in crossing blood nerve barrier would be equally effective for the treatment of the CNS disorders (Hirakawa and others pressure differences between perfused areas (Scholz and others 2001) . The involvement of monocytes in arteriogenesis was discovered in 1976 (Schaper and others 1976) , shortly before their role in angiogenesis in 1977 (Polverini and others 1977) . CCL2 is once again implicated in this process because it not only attracts monocytes, but also promotes their adhesion by inducing them to upregulate MAC-1, the receptor for intracellular adhesion molecule-1 (ICAM-1) that is expressed in activated endothelium (Scholz and others 2000) . Finally, note that CCL2 has antitumor activity. This was demonstrated by its ability to augment cytostatic activity against tumor cells upon addition to macrophages in tissue culture (Zachariae and others 1990) and by its ability to induce FAS ligand protein expression in cultured endometrial stromal cells, thus driving cells to apoptosis.
Role of CCL2 in other diseases
Both CCL2 and its receptor CCR2 have been found to be elevated and to play a pivotal role in the development of atherosclerosis (Namiki and others 2002) . Moreover, differentiation of intestinal macrophages was disturbed by CCL2, suggesting that CCL2 could play a role in the disturbed intestinal differentiation that occurs in the mucosa of patients suffering from infl ammatory bowel disease (Spoettl and others 2006) . Further studies linked the induction of CCL2 by IL-4 and IL-13 in human bronchial epithelial cells to its potential involvement in allergic asthma (Ip and others 2006) . Further, CCL2 levels were signifi cantly raised in individuals with rheumatoid arthritis (Rantapaa-Dahlqvist and others 2007). In addition, using a transgenic mouse model system, it has been shown that circulating CCL2 may contribute to insulin resistance in diabetic patients (Kamei and others 2006) . Finally, CCL2 was also shown to be involved in neurological disorders such as ischemia-related neuronal death, where CCL2 levels were elevated in astrocytes leading to neuronal death (Sakurai-Yamashita and others 2006).
The importance of CCL2 and its receptor CCR2 is not limited to the manifestation of coronary artery disease but can be expected to play equally important roles in other infl ammatory diseases. For example, similar results have been obtained in experimental allergic encephalitis, which is a rodent model for multiple sclerosis (Izikson and others 2000) . In these studies, it was found that CcL2-or CCR2-defi cient mice recruited many fewer monocytes into the CNS and the severity of disease was greatly reduced. Note that the mechanisms of recruitment of CCL2 in these diseases are not fully understood and in some cases remain to be identifi ed.
Conclusions and Future Directions
One of the biggest challenges to defi ne the role of chemokines and their receptors in infl ammation-mediated diseases is that there are over 50 known chemokines and 20 chemokine receptors. Thus, it may not be practical to study all of them simultaneously in an experimental setting. It may be possible that mechanisms involved in causing ultimate damage may differ from one disorder to another with more than one chemokine/cytokine playing a signifi cant role than the other. Similarly, upregulated expression of different chemokines and receptors may occur as a part of cytokine "cascade," where the expression of one chemokine 2004). In fact, many CCR2 antagonists, such as INCB 3284 and INCB 8689 (Incyte), CCX915 (Chemo Centryx), and MLN 1202 (Millennium), are undergoing clinical trials for the treatment of various chronic infl ammatory diseases. However, despite the growing evidence showing the ability of these antagonists to block autoimmune diseases in experimental animal models, clinical trials failed dramatically in humans, indicating a need to further elucidate the complex system of chemokine interactions (Kalinowska and Losy 2008) . Furthermore, widespread use of these CCR2 antagonists may elicit harmful effects in the aging population, making them more vulnerable to Alzheimer's disease. Alternatively, CCL2 production itself may be targeted in tissues experiencing chronic infl ammation. This could be achieved by using dominant-negative mutants of CCL2, by silencing CCL2 gene using RNAi technology. In any case, the vast knowledge being gathered on the functions of CCL2 may pave the way for developing safe strategies for controlling undesirable effects of chronic infl ammation without compromising its benefi cial effects.
